Abstract Camponotus foreli (Emery) and Cataglyphis iberica (Emery) are two sympatric, subordinate ant species that have been found to ®ght in attacks that usually conclude with the death of many workers of both species and with nest abandonment by C. iberica. These harassment episodes have been observed in two dierent areas and over many years of study. No such attacks of C. foreli were observed in the study areas against any other ant species, nor did any other ants attack C. iberica nests, and laboratory confrontations con®rmed this speci®city. These attacks neither eliminated C. iberica colonies, nor distanced them from C. foreli nests. Moreover, there was no real competition for food between the species: in an experiment where all C. iberica colonies were eliminated from an area, rates of prey and liquid food collection by C. foreli nests in the exclusion zone were similar to those found in the control zone with C. iberica, and the activity rhythms of C. foreli did not change in the absence of C. iberica. The hypothesis of competition for a nest site is more consistent. Both in the laboratory and the ®eld, the most frequent outcome of these aggressive interactions was the occupation of the C. iberica nest by C. foreli. This behavior may be advantageous for C. foreli, because it is much less skilful at excavating than C. iberica. One of the chief concerns of this study is to show that such interference interactions, typical especially of dominant, very aggressive species, are also found between subordinate, apparently nonaggressive species.
Introduction
Interference competition is a common phenomenon in ants and plays a key role in ant community organization (Wilson 1990 ). Examples of interference competition include exclusion from food resources by threat displays or chemical repellents (HoÈ lldobler 1982; Czechowski 1985; Banks and Williams 1989) , interference of foraging activity by mechanical means (MoÈ glich and Alpert 1979; Mabelis 1984; Gordon 1988) , attack and destruction of nests of other species (Wilson 1976; LaMon and Topo 1981; MacKay and Mackay 1982; Droual 1983 Droual , 1984 Yamaguchi 1992) , and agonistic interactions at territorial boundaries (reviewed in HoÈ lldobler and Lumsden 1980; Adams 1994) . Most studies of ant community organization published to date have emphasized interspeci®c relationships between dominant species (Greenslade 1976; Fox et al. 1985; Haering and Fox 1987) or between dominants and subordinates (HoÈ lldobler 1982; Savolainen 1990 ; VepsaÈ laÈ inen and Savolainen 1990; Perfecto 1994; Human and Gordon 1996) . Meanwhile, subordinate species are believed to occupy gaps left empty by dominants (Greenslade 1971; Room 1971; Dejean et al. 1994) , and their role in these aggressive interactions is as receivers of the attacks (Savolainen 1990 ; VepsaÈ laÈ inen and Savolainen 1990; CerdaÂ et al. 1997) or, at the very most, of passive interference (Samways 1982 (Samways , 1983 Czechowski 1985; Gordon 1988) . This is not the case, however, for Camponotus foreli (Emery) and Cataglyphis iberica (Emery), two species sympatric in many localities of the Iberian Peninsula (CerdaÂ 1989) . They are two subordinate species inhabiting dry areas with sparse vegetation. Neither is territorial and both are nonaggressive at food resources (Retana et al. 1987; CerdaÂ 1989) , and during individual confrontations in the laboratory (Retana and CerdaÂ 1995) . On the other hand, nothing suggests potential food competition between these two species, since their dietary spectrum and foraging rhythms are quite dier-ent: C. foreli feeds principally on nectar and honeydew and its diurnal activity depends on the hours of¯ower nectar production (Retana et al. 1987 ), while C. iberica is a scavenger species whose diet consists mainly of arthropod corpses (CerdaÂ 1988) and it is active during the hottest hours of the day . For these reasons, it is very surprising to ®nd them engaging in ®erce battles that usually conclude with the death of many workers of both species and with nest abandonment by C. iberica. The ®rst objective of this study was to evaluate the ®ghts between these two subordinate species and to examine the speci®city of this interspeci®c interaction. Since two dierent types of competitive interactions are usually identi®ed in ants, competition for food and competition for nest site, the second objective of this study was to identify which is the resource (food or nest site) that causes these battles. Finally, we discuss the main morphological and biological features of the two species which explain their dierent behaviour and which, at the same time, allow their broad coexistence in many areas.
Materials and methods

Study areas
This study was carried out between 1983 and 1993 at two dierent sites in the Mediterranean region of the Iberian Peninsula. The climate is of a Mediterranean type. Mean temperatures are usually mild in winter and highest in the summer months. The main characteristics of the two study sites are given below.
Bellaterra
This study site was near the campus of the Autonomous University of Barcelona in Bellaterra (Barcelona, NE Spain) at 150 m above sea level, 14 km away from the coastline. It was characterized by the total absence of overstory stratum, and a reduced understory and herbaceous cover. The main plant species in this area were Inula viscosa, Foeniculum vulgare and Daucus carota. The total area sampled was 5000 m 2 , divided into two dierent areas. The density of C. iberica and C. foreli nests were 55 and 202 nests/ha, respectively.
La Paloma
This study site was near La Paloma (El Palmar, Murcia, SE Spain) at 65 m above sea level, 35 km from the coastline. It was also characterized by the absence of overstory stratum, and scarce shrub and herbaceous cover. The main plant species were Spartium junceum, D. carota and F. vulgare. The total area sampled was 11 000 m 2 . The density of C. iberica and C. foreli nests were 76 and 309 nests/ha, respectively.
Surveillance of harassment episodes
Since harassment episodes between the two species were a rather unpredictable phenomenon, it was not possible to know exactly where or when they would happen, or to systematize the study. All C. iberica nests included in the total area sampled in each site were surveyed during 25 ®eld trips (20 in Bellaterra and 5 in La Paloma) of 2 h each. All harassment episodes found in the two study areas were monitored daily until the end of interspeci®c interactions, although some of them could only be followed from the middle or at the end. Other harassment episodes were also observed but not surveyed in other areas in the Bellaterra site. The monitoring was carried out by two observers who noted, in each attacked C. iberica nest and throughout the duration of each episode, the number and behavior (foraging, peaceful, aggressive) of C. foreli foragers close to the next, and the transport activity of C. iberica workers (number of transports of workers or brood per 10 minutes) and the nest of destination of these transports. A map of all C. iberica and C. foreli nests involved in each episode was drawn daily, noting also the state of each nest (active, harassed, migrating, abandoned). Several days after the end of each harassment episode, all C. iberica nests of the colony involved were excavated, and the numbers of workers and brood of each species inside the nest were counted.
Laboratory aggression tests
To analyze and quantify the aggressive behaviour of C. foreli towards C. iberica, and vice versa, interspeci®c colony confrontations were analyzed in the laboratory. Colonies were excavated near the campus of the Autonomous University of Barcelona and placed in arti®cial nests (see nest description in CerdaÂ and Retana 1992). Nests were fed daily with insects, a synthetic diet (Bhatkar and Whitcomb 1970) and sugar water. A total of 14 tests were carried out: 8 tests between C. foreli and C. iberica, and 3 between each of these species and Aphaenogaster senilis Mayr. This species was also present in the two study areas and was used as a control due to its similar characteristics of worker size, nest population and aggressiveness level with C. foreli and C. iberica Retana and CerdaÂ 1995) . In each test, two nests, one of each species, were connected to a common arena (a plexiglass box of 30´60 cm). Each day, the state of each nest (i.e., normal activity, attacked by the other species, or abandoned) and the number of dead foragers in the arena were noted.
Exclusion experiment
To analyze competition for food resources between C. foreli and C. iberica, an exclusion experiment was carried out in the Bellaterra study site. Two very similar 2000-m 2 zones 100 m apart were chosen: (1) in the control zone, both C. iberica and C. foreli nests were present, (2) in the exclusion zone, all C. iberica nests were excavated 1 month before the start of the experiment so that only C. foreli nests were present. In July 1989, two C. foreli nests were chosen in each zone, together with two C. iberica nests in the control zone. Over 3 days, the following aspects concerning food resource exploitation were analyzed.
(1) Activity at nest entrances. Foraging activity of each nest was monitored by counting, at the nest entrance, the number of workers leaving and entering the nest during 10 min of each hour throughout the daily activity period of each species. The sum of entries and exits per hour was taken as an activity index. (2) Loaded and unloaded workers arriving at the nest were counted separately to calculate the rate of prey collection. Items brought by workers were taken for later identi®cation in the laboratory. (3) Collection of liquid food was analyzed by pressing the gaster of workers of both species arriving at the nest, to observe the regurgitation of liquid from the crop.
Analysis of individual nest variation for the rate of prey collection has been conducted considering days as replicates representative of within-nest variation. Variation between zones and nests was tested using a nested ANOVA. Nests were nested within zones. Due to the low number of workers analyzed per nest, data of liquid food collection have been considered as a whole for each zone and compared using a v 2 test. Pairwise overlap of daily activity between C. foreli nests of the two zones was calculated as a proportional similarity index (Schoener 1968) : PS = 1 A 0.5(Sjp ix Ap iy j), where p ix and p iy are the respective per-centages of total daily activity in the period i of nest x and nest y, respectively.
Digging experiments and morphological correlates
To evaluate the digging ability of each species, digging experiments in the ®eld were carried out in Bellaterra in the summer of 1993. Thirty tests were performed for each species. Two days before the start of each test, the original nest entry was blocked with a metallic structure driven into the ground surrounding the entrance, covered with sand to avoid overheating. From this moment, exits and entries of workers were allowed exclusively by a single opening connected to a plastic tube 6 cm in length and 1 cm internal width. The assemblage was prepared when foragers entered and left the nest across the tube and did not open a new entry apart from the old one. Each experiment was performed at least 5 days after the assemblage was installed, when foragers were used to it. At the start of each experiment (time 0 min), the plastic tube was replaced by another that was plugged by 3 cm of wet sand (obtained from a mixture of 15 ml of water/100 g of sand of the study area), which prevented ant trac in both directions. Then, the nest was continuously monitored over 1.5 h noting the time it took foragers to open the nest entry. A contingency table of time taken by each species to open the nest entry was drawn up and dierences between species were analyzed using a v 2 test. Morphological correlates of each species related to its digging ability were evaluated by collecting fresh samples of workers. The following three measurements were taken for each individual ant in the laboratory under a stereoscopic microscope: (1) maximum head width at the interocular line; (2) distance between mandibular condyles, which represents a measure of the ability of each species to open the mandibles and, consequently, to be skilled at excavating; (3) maxillary palp length, measured from palp insertion. Table 1 summarizes all the harassment episodes recorded in the two areas during the years of study. All except one occurred in summer. In seven out of ten episodes, the attack of C. foreli led to the abandonment of at least one C. iberica nest. Five of the nine abandoned nests were later occupied by C. foreli, two were re-occupied by C. iberica, and two remained unoccupied.
Results
Surveillance of harassment episodes
Colony aggression experiments
In laboratory confrontations (Table 2) , seven out of eight C. iberica nests (87.5%) were attacked and destroyed by C. foreli. Only one C. iberica nest was able to withstand the attacks by closing the nest entrance with sand, ant corpses, and other particles, thus preventing C. foreli foragers entering and destroying the colony. Moreover, most of the occupants of C. iberica nests (except one nest that resisted for 20 days) were killed in 1±3 days. Nest occupation by C. foreli was not carried out immediately (Table 2) ; it took C. foreli 2±16 days to sixteen days to occupy them. In the confrontations between C. foreli-A. senilis and C. iberica-A. senilis, interspeci®c interactions were not so aggressive, nor was the outcome of confrontations the destruction of any of the colonies (Table 2) . Some interspeci®c aggressive behaviors and attacks were observed just after the two nests were connected to a common arena, but after several hours, a more or less peaceful coexistence/avoidance was established. Over the days that followed, there was a spatial partitioning of the arena and several ant corpses were found near the entrance to the nests of the other species, but there was no evidence of genuine confrontations. This degree of coexistence/avoidance persisted without variation over several weeks.
Exclusion experiment
The dietary spectrum of C. foreli did not vary with the presence or absence of C. iberica nests in the same area. The solid diet in both zones was composed of small arthropod corpses and vertebrate feces. Rates of prey collection of C. foreli nests in the two zones were very low (1.5±4 prey items/h in the exclusion zone and 0.5±4 prey items/h in the control zone), compared with 15.4± 18.3 prey items/h collected by C. iberica nests in the control zone. Dierences between zones or between nests within zones were not signi®cant (nested ANOVA, P > 0.10 for both zone and nest within zone). The same was true for the percentage of C. foreli foragers carrying liquid resources back to the nest: 85% of C. foreli workers in the control zone (n = 40) and 70% in the exclusion zone (n = 40) loaded liquid food in their gaster, dierences between zones not being signi®cant (v 2 test, P = 0.11). C. iberica foragers rarely transported liquid food to the nest (20%, n = 25).
The activity of C. foreli nests was also similar, regardless of whether or not they were close to C. iberica nests. According to Fig. 1A, B , activity of C. foreli nests started in the two zones at 0900±1000 hours, had a similarly strong midday decrease caused by the high temperatures, and ended at 1900±2000 hours, with small internest variations depending on microclimate and environmental conditions. Pairwise proportional similarity indexes (PSI) of daily activity overlap between C. foreli nests of the two zones were considerably higher (PSI range = 0.53±0.70) than those obtained between C. foreli and C. iberica nests (PSI range = 0.05±0.26).
Digging experiments and morphological correlates
The ®eld experiments to evaluate the digging ability of both species showed that C. iberica was more skillful at excavating than C. foreli (Table 3) : after half an hour, 46.2% of C. iberica nests had already opened their entrances, while only 10.3% of C. foreli nests had done so. All C. iberica nests were opened after 1.5 h, but 41.5% of C. foreli nests were still blocked at that time. Dierences between the two species were highly signi®cant (v 2 test, P < 0.001). This dierent digging ability might be related to morphological features of the two species. Figure 2 represents the relationship between head width (x) and two features that could be related to digging (y): the distance between the articulation points of the two mandibles and the length of the maxillary palps (head width/distance between mandible condyles: y = 0.31 x + 0.10, r = 0.95, P < 0.01 for C. iberica, and y = 0.12x + 0.26, r = 0.90, P < 0.01 for C. foreli; head width/maxillary palp length: y = 0.84x + 0.52, r = 0.98, P < 0.01 for C. iberica, and y = 0.17 x + 0.87, r = 0.84, P < 0.01 for C. foreli). For a given head width, both the distance of mandibular condyles and the maxillary palp length were always greater in C. iberica than in C. foreli. Moreover, the slopes of the regression lines of the two species were signi®cantly dierent (test of equality of slopes, P < 0.01 in both cases), i.e., differences between both species increased with worker size.
Discussion
Although it is a dicult phenomenon to follow, both because of its unpredictability and because of the brief but intense nature of some of the attacks, the surveillance of harassment episodes of C. foreli versus C. iberica in two dierent areas and over many years of study con®rms that this kind of interaction is a regular event between these ant species. The ®rst surprising discovery made during this study is the speci®city of the aggressive response of C. foreli against C. iberica. At the study sites there are other ant species which have similar colony populations, feeding habits, and diel activity rhythms to those of C. iberica, such as A. senilis or Proformica nasuta (Nylander) (Cros 1986) , but no such attacks by C. foreli have been observed in the study areas against these species. Similarly, in the study sites there are also very aggressive, dominant species, even of the same genus as C. foreli, such as Camponotus sylvaticus (Olivier) and Camponotus cruentatus (Latreille) ), but again none of these were ever observed to attack C. iberica nests. The speci®city of antagonistic behavior between C. foreli and C. iberica has been con®rmed in the laboratory: in whole-colony assemblages, most C. iberica nests were destroyed by C. foreli, while the outcome of confrontations between each of these species and A. senilis (a similarly low-aggressive species; Retana and CerdaÂ 1995; CerdaÂ et al. 1997 ) was a spatial partitioning of the arena and more or less peaceful coexistence. This means that the interaction between C. foreli and C. iberica can be seen as an example of``enemy speci®cation'' (Wilson 1976; HoÈ lldobler and Wilson 1990) , which consists in a high degree of speci®city for defensive or/and aggressive responses and which, in one form or another, appears to be very widespread in ants (Wilson 1976; HoÈ lldobler 1979 HoÈ lldobler , 1983 LaMon and Topo 1981; Droual 1984) .
Direct aggressive invasion such as that illustrated here may severely damage the colonies involved. Agonistic behavior is considered to be costly in terms of energy invested (see review in Riechert 1988) . Energy expenditures in these attacks represent costs for C. foreli colonies, especially those associated with injury and death of workers, and even loss of food as a result of time spent in the interactions. These battles also represent some costs for the invaded species, more due to the time not dedicated to foraging than to the loss of the nest, since C. iberica foragers can dig a new nest very quickly (1±2 days). Although nest evacuation is a disruptive and costly defense strategy, abandoning the nest is rather common in ants. Many species abandon their nests when confronted with drastic environmental changes (Smallwood 1982; HoÈ lldobler 1984; Yamaguchi 1992) or attacks of other ants (LaMon and Topo 1981; Droual 1983 Droual , 1984 Yamaguchi 1992 ). For C. iberica, Fig. 2 Relationship between head width and two morphological features that could be related to digging: distance between the articulation points of the two mandibles (A) (n = 40 for each species) and length of maxillary palps (B) (n = 20 for each species) (open circles C. iberica, closed circles C. foreli) rapid nest evacuation is less costly than strong resistance to the invaders, which may lead to many workers being injured or killed (see in Table 2 the dramatic outcome of the interactions brought about in laboratory conditions without the possibility of escape). Moreover, C. iberica colonies are polydomous (CerdaÂ 1989) and this system of multiple nests allows them to abandon the attacked nests and to reinstall their population in other nests of the same colony. The use of polydomous colonies composed of several nests as a defense technique against predators has also been described in other ant species (Droual 1983 (Droual , 1984 and in other social insects such as wasps (Strassmann 1981; Ito 1986 ). In C. iberica, this high rate of nest change is also frequent in natural conditions: the average lifetime of a C. iberica nest is 6.8 months, and only 50±60% of nests remain from one year to the next (CerdaÂ 1989) . If these ®ghts are so costly for both species, why do they happen? How do C. foreli colonies bene®t from them? The ®rst explanation could be that they eliminate an eventual food competitor. Nevertheless, dierent lines of evidence contradict this hypothesis. On the one hand, these attacks do not eliminate C. iberica colonies, nor do they even distance them from C. foreli nests. In fact, the eect of C. foreli on C. iberica populations does not seem to be at all important. Populations of both species are in a certain equilibrium: at the La Paloma site, where a long-term population study is being conducted (X. CerdaÂ and J. Retana, in preparation), the number of C. iberica nests remains more or less constant in spite of the attacks by C. foreli. Moreover, C. iberica cannot be considered a true competitor of C. foreli, because natural dierences in diet and activity rhythms between the two species (Retana et al. 1987; CerdaÂ 1988; are maintained when all C. iberica colonies are eliminated from an exclusion area: rates of prey and liquid food collection by C. foreli nests in the exclusion zone were similar to those found in the control zone with C. iberica, and the activity rhythms of C. foreli did not change in the absence of C. iberica. This pattern does not follow other cases where ant species truly compete for food and there is a real increase in food exploitation when the potential competitor is absent (Andersen and Patel 1994; Perfecto 1994) . Although the monitoring of diet and foraging activity alone is probably not sucient to exclude food competition between the two species (data about the eect of exclusion of C. iberica on the brood production of C. foreli colonies should also be of interest at this point, but they are not available for the present study), the results obtained suggest that the hypothesis of competition for food does not really explain the interference interactions observed in this study.
The hypothesis of competition for a nest site is much better supported. Both in the laboratory and in the ®eld, the most frequent outcome of these aggressive interactions is the occupation of the C. iberica nest by C. foreli. In ants, interspeci®c nest occupation, after extermination of the original nest population, generally takes place by direct aggression of the intruder species (Czechowski 1975; MacKay and MacKay 1982) . This behavior may be highly advantageous for C. foreli. As has been shown in the digging experiment, C. foreli is much less skillful at excavating than C. iberica. The species of the genus Cataglyphis are adapted to life in sandy areas (e.g., deserts and other arid zones), and they have both morphological (wide mandible opening, long and hairy palps) and behavioral adaptations (coordinated and quick movements of their long legs) to extract soil particles and excavate a new nest. Since the structure of nests of the two species in the ®eld is very similar (personal observations), C. foreli colonies may bene®t from these aggressive interactions with C. iberica and, with a limited cost (several dead workers and a few days with lower foraging activity), obtain new nest sites in a much shorter period of time than it would take the workers to excavate them. In areas where C. iberica is absent, C. foreli colonies are similar in size and ecological features to those observed in this study, but they do not attack nests of other species, even though they coexist with other Cataglyphis species, such as Cataglyphis cursor (CerdaÂ et al. 1997) . Dierences in soil texture and other related characteristics found between these areas and those of the present study (personal observations) could be one of the reasons explaining the dierent behavior observed.
An additional interest of this study is the fact that this aggressive interaction involves two subordinate species in the dominance hierarchy (CerdaÂ et al. 1997 ). In the majority of cases cited in the literature (but see Czechowski 1985; Heinze and Lipski 1990) , nest invaders are very aggressive, dominant ants in their habitats, which attack and destroy the nests of less aggressive, subordinate species under a variety of conditions (Wilson 1976; LaMon and Topo 1981; MacKay and MacKay 1982; Droual 1983 Droual , 1984 . Nevertheless, this study shows that this kind of interference interaction is also found between subordinate, apparently nonaggressive species. This is especially important in the open Mediterranean habitats similar to those where this study has been carried out, where subordinates are far more dominant in the ecosystem than might be expected from their relative abundance and ®ghting abilities (CerdaÂ et al. 1997; Cros et al. 1997) .
